Abstract-A series of KYF nano-powders, undoped and doped with Tb , with well-crystallized, unaggregated, monodisperse % nanoparticles of cubic or hexagonal crystal structure and the size in the range from to nm has been synthesized by microwave-hydrothermal method. It was found that crossluminescence in KYF nanopowders is strongly quenched whereas the slow near-defect excitonic emission as well as the Tb -luminescence in Tb doped KYF nanopowders is excited rather efficiently even for small sizes of particles.
I. INTRODUCTION

I
NORGANIC crystals whose scintillation properties are due to so-called crossluminescence (CL) [1] can provide very high time resolution of radiation detectors because of the fast ( ns) decay of CL. CL is a specific kind of intrinsic luminescence of ionic crystals, known also as core-valence luminescence, or Auger-free luminescence, is due to radiative recombination of electrons from the valence band with the holes in the uppermost core band. CL exists in those ionic crystals, in which the Auger-decay of the holes in the uppermost core band is energetically forbidden. CL is observed only from 6 binary ionic crystals (BaF , CsF, CsCl, CsBr, RbF, KF), but can be also observed from many ternary and multi-component crystals based on these 6 binary compounds (e.g., from KYF ) if additional cations do not break the condition of forbiddance for Auger-decay of the uppermost core hole. However the usual problem of using CL scintillation crystals is the presence of the slow emission component, which is due to luminescence of self-trapped excitons or/and of various types of defects.
KYF is an example of KF-based CL-active materials [2] . The spectrum of its CL has maximum at 7.8 eV, the CL excitation threshold is at 20.8 eV and decay time is 1.1 ns. KYF crystallizes in the trigonal crystal system [3] . However, due to high surface tension the nanosized particles of KYF tend to crystallize in isotropic cubic phase [4] . The different crystal structure and, in particular, different symmetry of sites for doping rare earth ions in KYF nanophosphors, could result in strong changes of luminescence properties compared to those in the bulk KYF . In the present work, luminescence properties of nanosized KYF powders undoped and doped with Tb have been studied using for excitation UV/VUV synchrotron radiation.
II. EXPERIMENTAL DETAILS
Undoped and Tb doped KYF nanopowders were synthesized using Y(NO ) 6H O (99.9%, Aldrich), Tb(NO ) 6H O (99.9%, Aldrich) and KF (99.5%, Aldrich) by microwave-hydrothermal treatment of gels freshly precipitated from aqueous solutions. The solutions were prepared as following. The calculated amounts of yttrium nitrate hexahydrate (or mixture of yttrium and terbium nitrates hexahydrates with molar ratio 0.95:0.05) and potassium fluoride were separately dissolved each in 25 mL of deionized water to form solutions with concentrations 0.04, 0.4, 0.2 or 2 M. After that, solutions of yttrium nitrate were dropwise added to corresponding KF solutions under vigorous stirring. Thus, two series of samples were prepared: 1) with Y :F molar ratio equal to 1:4; 2) with Y :F ratio equal to 1:40. Immediately after preparation, gels in approximately 50 mL of mother solution without any further treatment were transferred into 100 mL teflon autoclaves and heated at 200 C for 4 hours using laboratory microwave-hydrothermal device (Berghof Speedwave-3M , frequency 2.45 GHz, output power 1.2 kW).
The phase composition of synthesized samples was characterized by powder X-ray diffraction (XRD) analysis using Rigaku D/MAX 2500 diffractometer with Cu Ka radiation. The transmission electron microscopy (TEM) images of the samples were taken with Leo912 AB Omega microscope under accelerating voltage 100 kV. The KYF single crystal, used as a reference sample, was synthesized by hydrothermal technique [3] .
The luminescence spectroscopy experiments were carried out at the SUPERLUMI set-up of HASYLAB at DESY (Hamburg, Germany) [5] , [6] . Emission spectra, excitation spectra and decay curves of VUV emission were measured using a Pouey type monochromator (with the typical spectral bandpass nm) equipped with an R6838 (Hamamatsu) solar-blind photomultiplier tube (for spectral measurements) and a CsI sensitized microsphere plate detector (for decay curves measurements). The excitation spectra were recorded with an instrumental resolution of the primary monochromator nm. The time resolution of the detection system was ps 0018-9499/$31.00 © 2012 IEEE with a 130 ps length of the exciting synchrotron radiation pulses followed with the period of 192 ns. A 0.3-meter Czerny-Turner monochromator-spectrograph SpectraPro-308i (Acton Research Inc.) with an R6358P (Hamamatsu) photomultiplier tube was applied for selecting the monitored wavelength when measuring excitation spectra of emissions in UV/visible spectral range. Emission spectra in the spectral range 200-700 nm were recorded at the same spectrograph with a liquid nitrogen cooled CCD detector (Princeton Instruments Inc.). Spectral resolution was nm with a 300 grooves/mm grating. Nanopowders were slightly pressed into small copper cups (with a diameter of 3 mm and thickness of 1 mm), which were then glued onto a copper sample holder of a flow-type liquid helium cryostat. The KYF single-crystalline sample was grounded into powder prior to the mounting onto a sample holder. All measurements have been performed under ultrahigh vacuum conditions.
III. RESULTS AND DISCUSSION
Series of undoped and Tb doped KYF nanopowders with well-crystallized, unaggregated, monodisperse % nanoparticles having the average size in the range from to nm has been fabricated. As was shown in [7] the excess of F ions in starting solution allows stabilization of hexagonal phase for nanosized fluoride particles. Therefore by changing Y :F molar ratio in starting solutions the cubic or hexagonal phases of pure and Tb doped KYF were synthesized (Fig. 1) . All synthesized samples with cubic structure are free from hexagonal phase (peaks marked with asterisks correspond to unidentified secondary phase, most likely K YF ). Equivalent claim concerning samples with hexagonal structure is hard to prove as all peaks corresponding to cubic phase are very close to the ones of hexagonal phase. Nevertheless, sharpness of all peaks of hexagonal phase as well as absence of pronounced asymmetry allow one to make an assumption that samples with hexagonal structure are free from cubic phase too.
Variation of concentration of the starting solutions allowed adjusting mean size of synthesized fluoride particles although within rather narrow limits. It was found that the size of the particles correlates with the phase type: the cubic KYF crystallizes in smaller particles (15-25 nm) while particles of hexagonal phase have mean size in the range of 35-45 nm. It is also worthy to note that all nanopowders of cubic phase are characterized by normal particle size distribution, but samples of hexagonal phase exhibit logarithmic normal particle size distribution. This fact permits one to suggest a hypothesis that the mechanism of stabilization of hexagonal phase in presence of significant excess of F ions in solution is connected with drastic acceleration of growth and aggregation of formed primary nuclei. High velocity of growth allows the forming particles to overcome critical size for hexagonal to cubic phase transformation but results in broadening of particle size distribution. The examples of TEM images of KYF samples are shown in Fig. 2 . For spectroscopic characterization the undoped KYF samples of hexagonal structure with particle sizes 43, 38 and 35 nm and of cubic structure with particle sizes 18 and 16 nm were chosen. It was found that in the synthesized nanopowders the CL is strongly quenched (Figs. 3 and 4) : for the largest size of particles nm the intensity of CL is times weaker than that for KYF single crystal and is practically not detectable for the powders with the smallest size of particles corresponding to cubic phase. The spectra of CL from nanopowders with hexagonal structure look similar to that from the single crystal, and decay times of CL are also close to 1.1 ns but with initial stage of faster decay caused by quenching. For nanopowders with the smallest size of particles (cubic phase) the shape of decay curves is practically identical to that of synchrotron radiation excitation pulse that means that CL in these nanopowders is completely quenched. The decrease of temperature to K does not result in increase of CL intensity.
On the other hand, the synthesized nanopowders show rather intense broadband and slow luminescence in the UV range, even at room temperature, which is efficiently excited in the region around the edge of intrinsic absorption of the crystal (Figs. 5  and 6 ). The decay time of this luminescence is longer than the experimental limit of the used setup, i.e., it exceeds at least several s. The shape of emission spectrum for cubic nanocrystals is very similar to that of self-trapped exciton (STE) luminescence of the single-crystalline sample with maximum at eV. These emissions are observed only at low temperatures and are completely quenched at room temperature. On the other hand, emission spectra of hexagonal nanopowders differ considerably from those of single-crystalline and cubic nanopowder samples. In the region around the edge of intrinsic absorption ( -eV), emission spectrum of hexagonal nanopowders is dominated by the broad band centered at eV. This emission is not completely quenched at room temperature. The shape of excitation spectra of this emission is similar to that of STE emission from single crystal with a dip at eV, which is usually ascribed to near-surface losses of excitations in the peak of excitonic absorption, although for nanopowders the excitation spectrum is much broader. The spectral position of this dip is practically not shifted with changing the particle size and compared to the position for single crystal. The observed properties of this UV luminescence can be well explained within the model of emission from near-defect STEs, similar to the case of many other dielectric crystals.
The very interesting feature of this emission is that its intensity (for hexagonal nanopowders) is the highest one for the smallest size of particles (35 nm). This can be understood if one assumes that the number of defects in nanoparticles is increased with decreasing their size, in particular if the size of particles is close to the critical one corresponding to phase transition to cubic phase. Another explanation of this effect can be that the probability for binding into exciton is increased with decreasing the size of particles.
In cubic KYF nanopowders, luminescence of the above type of excitons is not observed. Besides that, excitation spectra of UV luminescence (at 3.8 eV) from cubic nanopowders have different shape without a dip near 11 eV, and emission intensity is much smaller. Taking into account that emission spectrum of cubic nanopowders is similar to that of the single crystal, the centers responsible for UV emission in cubic nanopowders can be treated as STEs, but their emission is strongly quenched due to interaction with defects available in nanoparticles.
The reason of strong quenching of CL can be also related to nonradiative energy transfer to crystal lattice defects available in the nanoparticles. Much stronger quenching of CL compared to STE luminescence can be due to larger radius of interaction with defect centers for CL transitions than for STEs. From the comparison of excitation spectra of UV luminescence and CL one can conclude that there is no efficient energy transfer from the CL transition to the centers responsible for this UV luminescence.
The Tb -luminescence in Tb doped KYF nanopowders of hexagonal (particle size 39 and 43 nm) and cubic (particle size 17 and 21 nm) structure is excited rather efficiently even for the smallest size of particles (Fig. 7) although the emission intensity is reduced with the decrease of a particle size, as expected. However, the emission spectrum remains unchanged independent of the crystal structure of particles, showing only some broadening of the lines for the samples with the smallest particles. This means that the observed spectral properties of Tb luminescence from KYF :Tb nanophosphors are determined by the non-homogeneous broadening and by strong local distortions rather than by the symmetry of the crystallographic sites in the nanoparticle (compare in Fig. 7 the spectra taken from KYF :Tb nanopowders and from cubic elpasolite crystal doped with Tb ).
IV. CONCLUSION
A series of KYF nano-powders, undoped and doped with Tb , with well-crystallized, unaggregated, monodisperse % nanoparticles of cubic or hexagonal crystal structure has been successfully synthesized by microwave-hydrothermal method. Crossluminescence in KYF nanopowders is strongly quenched due to nonradiative energy transfer to crystal lattice defects available in the nanoparticles. The near-defect excitonic emission from pure KYF nanopowders as well as the Tb -luminescence from Tb doped KYF nanophosphors are excited rather efficiently even for small sizes of particles. The performed experiments have shown that nanophosphors of crossluminescence-active compounds cannot be considered as promising scintillation materials.
